In the reaction of IF 5 with alkyl aryl sulfides in heptane under reflux conditions, the arylthio group migrated once and three fluorine atoms were selectively introduced on the alkyl chain. In order to find the reason why the reaction stopped at the trifluorination step, we examined the oxidation potentials of the starting material, a reaction intermediate, and the product, and the time course of the reactions.
Introduction
Oxidative fluorination of sulfur compounds has been conveniently used to introduce one or several fluorine atoms into organic molecules under mild conditions. 1 Recently, we have found that an arylthio group of alkyl aryl sulfides migrated on the carbon chain successively to the terminal carbon by the reaction with IF 5 at 40 °C in a tight-screw capped vessel, and the fluorination took place on the carbon where the arylthio group was attached. 2 Finally, 3-7 fluorine atoms could be introduced into the alkyl chains depending on the alkyl chain length (Scheme 1). During our continuous study of fluorination using IF 5 , we found that three fluorine atoms can be selectively introduced into the alkyl chain of the alkyl aryl sulfides regardless of the alkyl chain length by carrying out the reaction in heptane under reflux conditions. 
Results and Discussion
When p-chlorophenyl propyl sulfide (1a) was allowed to react with 1.2 eq of IF 5 in heptane under reflux condition for 1 h, the arylthio group migrated once and a mixture of 1,1-difluoro-2-(p-chlorophenylthio)propane (3a) and 1,1,2-trifluoro-2-(p-chlorophenylthio)propane (4a) was obtained. By using 2.4 eq of IF 5 , 4a
could be selectively obtained and the formation of 3a was not observed. When the reaction was carried out at 40 °C in a tight-screw capped vessel, the arylthio group migrated twice and 1,2,2,3,3-pentafluoro-1-(p-chlorophenylthio)propane (2a) was obtained as the main product.
However, under reflux in heptane, the main product was 4a even after 6 h, and 2a was formed only as a minor product (5 %) ( Table 1) . As previously proposed, 2 the fluorination and migration of the arylthio group proceed as follows.
In the first step, oxidation of the sulfur in 1a takes place to give a sulfonium intermediate which gives mono-fluorinated product 5a, 5 or a vinylic sulfide. 6 Addition of in situ-generated IF to the vinylic sulfide gives 1-arylthio-1-fluoro-2-iodopropane (6a). 3 Then elimination of an iodide, migration of the arylthio group, and fluorination at the terminal carbon take place successively to give 1,1-difluoro-2-arylthiopropane 3a. Finally, the oxidative fluorination of 3a takes place at the α-carbon of the sulfur to give 4a. The next step, elimination of HF from 4a to a vinylic sulfide 7a, is slow and 4a can be selectively obtained (Scheme 3). The oxidation potentials of 1a, 3a, and 4a were measured by an electrochemical method to find the reason why the reaction stopped at 4a (Scheme 4). As expected, the starting material 1a has low oxidation potential (1.10 V) and, therefore, the oxidative fluorination step of 1a proceeded fast under the reaction conditions. 1,1-Difluoro-2-arylthiopropane 3a, which was isolated as the main product when the reaction was carried out using 1.2 eq of IF 5 to 1a, has higher oxidation potential than 1a due to the electron-withdrawing effect of the difluoromethyl group, and the oxidative fluorination of 3a to 4a proceeds relatively slowly. Trifluorinated product 4a has the highest oxidation potential of 1.65 V which indicates that a lone-paired electron density on the sulfur is the lowest because of the strong electron-withdrawing effect of an attached trifluoropropyl group. Generally, α-fluorosulfides are unstable due to the lone-paired electrons on the sulfur and a facile elimination of fluoride takes place to cause their decomposition, 8 and isolation of 1-fluoro-1-arylthiopropane (5a) was unsuccessful.
ArS
Though 4a is also the α-fluorosulfide, 4a was stable enough to isolate. As the lone-paired electron density on the sulfur is low in 4a, the arylthio group did not destabilize 4a. Consequently, elimination of HF from 4a to the formation of 7a is slow. Then, we investigated the time courses of the reactions at 40 ºC in the tight-screw capped vessel to find the reason why the reaction does not stop at 4a and proceeds to 2a under the reaction conditions. The yields of 3a increase up to 1 h and then gradually decrease with an increase in the yields of 4a. The amount of 4a gradually increases up to 3 h and then begins to decrease with an increase in the yields of 2a. After 24 h, 2a is almost the sole product and the yields of 3a and 4a are less than 2 %. During the reaction, the formation of 1,1,2,2-tetrafluoro-3-(p-chlorophenylthio)propane (8a) is observed but the yield is low (less than 6 %) ( Fig. 1 ). When the reaction is carried out under reflux in heptane, 3a and 4a are formed as main products in 15 min and then the yields of 3a decrease with an increase in the yields of 4a.
After 1 h, 3a disappears and 4a becomes the sole main product. The formation of 2a is observed but the yield is low (less than 6 %) (Fig. 2) . These results suggest that IF 5 quickly decomposes at the higher temperature (98 ºC) before 4a changes to 2a. However, such a possibility is ruled out because an extra addition of IF 5 to the reaction mixture after 1 h does not cause an increase of 2a.
Another possibility is the generation of a volatile material which is necessary to transform 4a to 2a.
When the reaction is carried out in the tight-screw capped vessel, it stays in the reaction mixture and the transformation from 4a to 2a proceeds. On the other hand, it escapes from the reaction mixture under reflux conditions and the reaction stopps at 4a. In order to examine the possibility, we carried out the reaction at 98 ºC in the tight-screw capped vessel. Under the reaction conditions, the generated volatile material stays in the reaction mixture and, therefore, the reaction must proceed to give 2a. As expected, the reaction is completed in 1 h and 2a is formed as the main product with a trace amount of 8a (Fig. 3) . The reaction proceeds more quickly than that at is generated during the reaction. However, we could not identify the material which actually plays an important role to convert 4a to 2a. 
Conclusion
We have succeeded in introducing three fluorine atoms into sulfides selectively by the reaction with IF 5 in heptane under reflux conditions. During the reaction, the migration of the arylthio group takes place only once.
Experimental

General
The IR spectra were recorded using a JASCO FT/IR-410. The 1 H NMR (400 MHz), 19 F NMR (376 MHz), and 13 C NMR (100 MHz) spectra were recorded in CDCl 3 on a JEOL JNM-A400II FT NMR and the chemical shift, δ, are referred to TMS ( 1 H, 13 C) and CFCl 3 ( 19 F), respectively. The EI-low and high-resolution mass spectra were measured on a JEOL JMS-700TZ, JMS-FABmate or JMS-HX110. IF 5 in a stainless-steel cylinder was supplied by Daikin Industries, Ltd. IF 5 decomposes in air emitting HF fume, and, therefore, it should be carefully handled in a bench hood with rubber-gloved hands. Due to its low viscosity and high density, it is difficult to transfer IF 5 from the cylinder to a reaction vessel with a pipette; therefore, IF 5 was used as a CH 2 Cl 2 solution. From the cylinder, IF 5 was transferred through a Teflon™ tube into a Teflon™ FEP bottle under an N 2 atmosphere. After measuring the amount of IF 5 in the bottle, CH 2 Cl 2 was added to make a 16.7 mol% solution. IF 5 in CH 2 Cl 2 was kept in the Teflon ™ FEP bottle and transferred quickly from the bottle to the reaction vessel using a Teflon™ pipette in open air. The sulfides other than 1i were prepared from the corresponding aryl mercaptans and alkyl halides under basic conditions. 9 The sulfide 1i was prepared from p-chlorophenylthiol with N,N-diethylacrylamide. 10 2.2. 1,1-Difluoro-2-(p-chlorophenylthio) Bis( p-chlorophenylthio)-1,1,2,9,10,10- 
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